Abstract -This work presents the design recipe, fabrication process and characterization of tissue-simulating materials, configured as a physical model to mimic the electrical and some physical properties of an abdominal cavity. The complete threelayer design is called the human core model (HCM) see Fig. 1 . To our knowledge, presented is the first hybrid skin-muscle phantom developed to mimic the electrical properties of the intervening tissue layers of an abdominal cavity within the frequency band of 1 GHz -2 GHz, a band of interest for human body sensing due to its deep detection depth.
I. INTRODUCTION (HEADING 1)
Revolutionary advances in wearable sensing technologies with non-invasive monitoring capabilities are driving research and development of materials capable of mimicking the electrical properties of the human tissue and organs. The body is a complex machine, consisting of skin, muscle blood and fatty tissue, with dissimilar electrical and physical properties. As a result, each tissue layer will affect the performance of the sensor. Therefore, discrete phantoms, which model only one tissue layer at a time, do not provide the best replica of the body. For measurement and testing purposes, desired are versatile multifaceted phantom models capable of mimicking the physical and electrical properties of the tissue volume across the sensing depth.
Phantom models that replicate various clinical diagnostic points of the body are of particular interest since the performance of the sensor can be improved by designing it for optimum functionality at clinical diagnostic point of interest also referred to as the areas of diagnosis. Thus, the phantoms presented herein mimic the physical properties of human tissue, as well as the electrical properties. The applications of these phantoms models are limitless, biomedical telemetry devices, non-contact wireless sensors and wearable devices. Layered configurations of these phantoms can be used to model virtually any clinical diagnostic points in the body, however in this work, we've modeled a human core, as the broader impact of this work is a close-proximity measurement of core body temperature [1] 
II. THE HUMAN CORE MODEL (HCM)

A. Motivation
The HCM was developed to provide a more concise electromagnetic model of an abdominal cavity than the more commonly used single layer phantoms. Such phantoms are usually developed using simple solid, semi-solid (gels), or liquid solutions [2] , [3] . Previous studies have proven that "dielectric layering greatly influences" the radiometric measurement, therefore single layer phantoms cannot accurately mimic the emissive properties of layered volumes human tissue [1] & [4] . This loss in accuracy, could create considerable measurement errors, since microwave radiometers detect very low brightness temperature (TB) emissions which are dependent on the electrical properties of the tissue.
Liquid phantoms, usually comprised of saline or a water bolus, have a dielectric constant similar to water (~78) at room temperature and 1.4 GHz, whereas human muscle has a dielectric constant of ~54, skin ~44, and fat ~10. As a result the detectable emissions from liquid phantoms will differ from those of human tissue.
Semisolids or gel phantoms have been developed which have similar electrical characteristics to that of skin and muscle tissue, however they are not as durable as solid phantoms. Though semisolids provide a more accurate representation of the body's electrical characteristics across the surface of the TUI, some disadvantages exist when modeling three dimensional volumes of the body's clinical diagnostic regions. For instance thin tissue layers ( < 2 mm) such as skin are difficult to develop and manage. Moreover, the versatility of the test bed is reduced, since less dense semisolids may not hold the form factor of the tissue volume, especially at elevated temperatures indicative to that of heat related disorders.
Until this work, no known solid skin-muscle phantoms have been developed with electrical properties analogous to human tissue within the 1 -2 GHz frequency band. There are some single layer phantoms (muscle), which employ an outer shell or cast to hold the form of the TUI. However, the electrical characteristics of the casts, usually plastics, are distinctly dissimilar at the air -skin interface. This interface is the first and therefore critical boundary for extracting subsurface data from the TUI, due to sizable reflections, which occur at that boundary which lead to radiometric signal loss.
[3] presents a solid 2/3rd muscle phantom which is the currently best available technology for mimicking a human torso. Yet again, this 33% difference in the dielectric constant may present significant measurement errors when extracting deep-seated tissue temperatures using microwave radiometers.
B. Blood-Fatty Tissue Phantom
Herein blood-fatty tissue was simulated using a mixture of hydroxethylcellulose (HEC), salt, sugar and water, the most prominent compounds in human blood as well as fatty (cellulose, salt, water) tissue (Table 1) [5] . To model blood and fatty tissue inside the stomach, a weighted average of the dielectric properties of the tissue is applied, assuming 12% body fat and 88% blood, which results in a dielectric constant of 53, and an impedance of 50Ω at fc. Figure 2 outlines the development process, and the recipe is provided in Table 1 . As illustrated in Figure 3 and Figure 4 , the blood phantom has a dielectric constant of 54 and impedance of 51Ω at f c which is equivalent to the findings of Gabriel [5] and others in the literature. Here, it is important to note that since this phantom is a liquid, it can be easily heated and cooled to mimic physiological characteristics of the human body.
C. Hybrid Skin-Muscle Tissue Phantom
Presented is the first hybrid skin-muscle phantom in a solidified composite form. As described in the introduction, the majority of the current tissue phantoms are discrete materials, usually liquids, whereas the human body is 
Ingredients
% By Weight
Water 56 The skin-muscle phantom is developed using a simple mixture of 44% water and 56% TX-151, provided by the Oil Center Research1. The process is presented in Figure 5 , and the recipe in Table 2 . The surface of the hybrid phantom mimics damp skin, to account for perspiration in conditions of extreme heat and or condensation deposits in cold environments. The skin layer has non-uniform thickness, rangi ng from 1 mm -2 mm, which is comparable to the combined thickness of the dermis, epidermis, and hypodermis. The muscle layer is located immediately below the skin layer, and also has a non-uniform thickness of 7 mm to 8 mm. The electrical characteristics of the skin and muscle layers are presented in Figure 6 through Figure 10 . When preserved in an airtight enclosure, the electrical and physical characteristics of the phantom will remain relatively stable for at least 6 months. 
Ingredients
% By Weight
Water 60 TX-151 40 Table 2 . Recipe for hybrid skin-muscle phantom.
D. The Human Core Model (HCM)
The HCM is a durable phantom, designed to mimic the region of diagnosis for core body temperature monitoring, using a layered configuration of the phantoms previously presented in section II. Layers 1 and 2 of the HCM make up the hybrid skin-muscle phantom, comprised of a composite material developed using water and TX-151. The skin layer has a non-uniform thickness, ranging from 1 mm -2 mm, which is comparable to the combined thickness of the dermis, epidermis, and hypodermis. The muscle layer is located immediately below the skin layer, and also has a non-uniform thickness of 7 mm to 8 mm. Core body temperature is essentially based on the temperature of the circulating blood through the cranial, thoracic and abdominal cavities [6] . Therefore Layer 3, the inner core, is a liquid volume ~40 mm deep which mimics blood and fatty tissue inside the stomach. The inner core is located inside of a plastic container which with housing to secure the skin-muscle phantom approximately 1 mm in thickness. Since the radiometer detects thermal emissions across the depth of the tissue, the effect of the container is negligible, being that it's a thin, highly emissive material, located beneath the critical air-skin interface. Herein, extreme body temperature changes are simulated by varying the temperature of the inner core to temperatures representative of heat related disorders.
III. RESULTS AND CONCLUSION
The phantoms were characterized with respect to complex dielectric constant using the Agilent 85070E dielectric probe kit, and the results compared to the Gabriel model, which is used as the standard for human tissue characterization [7] . Since the tissue impedance is an important parameter for characterizing on-body sensors and near field antenna performance, the impedance of the phantoms were also calculated and presented in the analysis. Due to the strong correlation with the Gabriel model, with respect to impedance, real and imaginary dielectric, our findings confirm with great confidence that the methods presented herein are more than sufficient in developing skin-muscle and blood phantoms with electrical as well as physical properties analogous to the human body. Our results are nearly identical to the measurements of the Gabriel model, which vary by temperature and from person to person. Although we have developed this model for a human core, these phantoms can be shaped to just about any area of the human body.
